Previously, no retroviral Gag protein has been highly purified in milligram quantities and in a biologically relevant and active form. We have purified Rous sarcoma virus (RSV) Gag protein and in parallel several truncation mutants of Gag and have studied their biophysical properties and membrane interactions in vitro. RSV Gag is unusual in that it is not naturally myristoylated. From its ability to assemble into virus-like particles in vitro, we infer that RSV Gag is biologically active. By size exclusion chromatography and small-angle X-ray scattering, Gag in solution appears extended and flexible, in contrast to previous reports on unmyristoylated HIV-1 Gag, which is compact. However, by neutron reflectometry measurements of RSV Gag bound to a supported bilayer, the protein appears to adopt a more compact, folded-over conformation. At physiological ionic strength, purified Gag binds strongly to liposomes containing acidic lipids. This interaction is stimulated by physiological levels of phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2] and by cholesterol. However, unlike HIV-1 Gag, RSV Gag shows no sensitivity to acyl chain saturation. In contrast with full-length RSV Gag, the purified MA domain of Gag binds to liposomes only weakly. Similarly, both an N-terminally truncated version of Gag that is missing the MA domain and a C-terminally truncated version that is missing the NC domain bind only weakly. These results imply that NC contributes to membrane interaction in vitro, either by directly contacting acidic lipids or by promoting Gag multimerization.
M
any of the principles underlying retrovirus assembly are understood. For example, the retrovirus structural protein, Gag, is able to assemble into morphologically normal virus-like particles (VLPs) in cells (1) and as a purified protein in vitro (2) . The structures and functions of the multiple Gag domains are known. Thus, the MA domain mediates binding to the plasma membrane (PM), where for most retroviruses the Gag lattice is formed and budding occurs, the CA domain and immediately adjoining sequences engage in critical contacts to form the hexagonal Gag lattice, the NC domain binds to and packages the viral genomic RNA, and short sequences called late domains recruit the cellular ESCRT machinery to finally pinch off the fully formed immature virus particle from the PM (1) .
Despite the extensive knowledge about Gag, for at least two reasons a detailed mechanistic understanding of assembly is lacking. First, the three-dimensional structure of the multidomain Gag protein (also called a polyprotein) is unknown at an atomic level although electron cryo-tomography of VLPs has succeeded in visualizing the protein in the Gag lattice to a resolution of almost 8 Å (3). Second, purification of full-length biologically active Gag proteins, in the milligram amounts needed for many biochemical analyses, has not been reported. Most retroviral Gag proteins bear an N-terminal fatty acyl moiety, myristate, which is essential for PM binding in vivo. This modification apparently renders the protein poorly soluble after expression in Escherichia coli.
To date, most biochemical characterization of Gag has focused on HIV-1, with almost all studies using the unmyristoylated pro-tein. This unmyristoylated version of Gag binds to membranes only weakly in vitro (4) and not at all in living cells (5) (6) (7) . Based on size exclusion chromatography (SEC), small-angle neutron scattering (SANS), and other techniques, unmyristoylated HIV-1 Gag in solution is inferred to adopt a relatively compact, folded-over shape (8) . This shape is quite different from the stretched-out or elongated shape seen in the immature virus particles of all retroviruses. The effect of the myristoylation on the shape of unassembled Gag remains unknown though unmyristoylated Gag can assemble in the cytoplasm under overexpression conditions, as well as in vitro in the presence of inositol phosphates and nucleic acid (5, 7, 9) . The folded-over shape has led to a model in which both MA and NC domains can simultaneously bind to the PM or to nucleic acid (NA) since both domains are highly basic and thus can interact with negatively charged phospholipids or NA. According to the model, once both domains interact with their specific ligands, NC with NA and MA with phosphatidylinositol phosphates (PIPs) in the PM, Gag takes on the extended conformation needed to form the Gag lattice found in VLPs. This model is supported by neutron reflectometry applied to unmyristoylated HIV-1 Gag bound to a supported lipid bilayer at low ionic strength (10) . However, since the fatty acyl modification is essential for PM interaction in cells, the biological relevance of the model remains to be established.
The Rous sarcoma virus (RSV) system has distinct advantages for studies of retrovirus assembly. First, an N-terminally truncated version of RSV Gag that is missing the membrane binding domain (MBD) of MA (and also is missing the C-terminal protease [PR] domain, which in other retroviruses is found in another reading frame) assembles robustly in vitro as a purified protein (here, ⌬MBD) (11) . This assembly reaction has been instrumental in elucidation of some of the principles of assembly (reviewed in reference 2) and has led to one of the highest-resolution structures of a retroviral Gag lattice yet determined, ϳ8 Å (71). However, the absence of the membrane binding domain renders this protein irrelevant for studying the membrane interaction step in assembly. Second, and by contrast with HIV-1, RSV Gag does not carry any fatty acyl modification, and therefore this protein as obtained from E. coli expression should be biologically active.
We have purified RSV Gag (missing the C-terminal PR domain [⌬PR] ) in milligram amounts after expression in E. coli as a SUMO fusion protein. N-and C-terminally truncated versions of the protein, as well as a protein with an internal deletion, were prepared in parallel as controls. After removal of the tag, purified RSV Gag is able to assemble into VLPs in vitro, verifying that it is biologically active. Using biophysical techniques, we determined that the overall shape of Gag in solution is extended and flexible, unlike that of HIV-1 Gag. RSV Gag binds to liposomes of various compositions with higher affinity than Gag proteins missing either the MA or NC (⌬MA or ⌬NC, respectively) domain. Neutron reflectometry (NR) of Gag bound to a supported lipid bilayer is consistent with a model in which both MA and NC contact the membrane and contribute to membrane affinity. To our knowledge, the work reported here represents the first detailed biochemical characterizations of a purified, biologically active retroviral Gag protein.
MATERIALS AND METHODS
DNA vectors. RSV Gag ⌬PR (referred to as Gag throughout) and Gag truncations used in this study are shown in Fig. 1 . All DNA constructs were cloned using standard subcloning techniques and propagated in DH5␣ cells. RSV Gag, MA, and MBD were cloned into pET-SUMO vector (12) by digesting the vector with BamHI and EagI and digesting the insert with BglII and EagI. SUMO-⌬NC was amplified and ligated into SUMOGag at SbfI and EagI sites. SUMO-⌬Flex (Gag with a deletion of amino acids 104 to 220) was amplified by two-step PCR and ligated into pET-SUMO at SacII sites. Glutathione S-transferase (GST)-NC was cloned by amplification and digestion of NC with BglII and EcoRI. The digested insert was ligated into pGEX at BamHI and EcoRI sites. All constructs were verified by sequencing.
Protein purification, VLP assembly, and electron microscopy (EM). SUMO-tagged proteins were purified using standard bacterial expression and affinity column techniques. In brief, E. coli BL21 cultures were grown at 37°C to an optical density at 600 nm of 0.4 to 0.7, and isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was added to 0.5 mM to induce protein expression. Induced cells were harvested 4 to 6 h later. Pelleted cells were resuspended in lysis buffer [20 mM Tris-HCl, pH 8, 500 mM NaCl, 2 mM
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tris(2-carboxyethyl)phosphine (TCEP), 2 mM phenylmethylsulfonyl fluoride (PMSF) protease inhibitor, and 2 M ZnCl 2 ], lysed by sonication, and cleared by centrifugation in a TLA-110 Beckman rotor at 90,000 rpm for 45 min. Polyethyleneimine (PEI) was added to 0.3% to precipitate nucleic acid, which was spun down and removed. Ammonium sulfate was added (15 to 30% saturation, depending on the protein) to precipitate protein, followed by centrifugation. The pellet was resuspended in binding buffer (20 mM Tris-HCl, pH 8, 100 mM NaCl, 2 mM TCEP, and 2 M ZnCl 2 ) and further purified by cation exchange chromatography (HiTrap SP FF; GE Healthcare). Eluted protein was then purified by Ni ϩ2 affinity chromatography (HisTrap HP; GE Healthcare). Protein bound to HisTrap columns was washed with high-salt buffer (20 mM Tris HCl, pH 8.0, 500 mM NaCl, 2 mM TCEP, and 2 M ZnCl 2 ) to remove residual nucleic acid. The SUMO tag was cleaved from the eluted protein overnight at 4°C during dialysis with SUMO-specific protease 1 (ULP protease) (12) (in dialysis buffer consisting of 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 10 mM dithiothreitol [DTT], 2 M ZnCl 2 ). The SUMO tag and ULP protease were removed by Ni ϩ2 affinity chromatography. Purified protein at 2 to 5 mg/ml was flash frozen in aliquots and stored at Ϫ80°C. The protein at this stage had an A 260 /A 280 ratio of ϳ0.58, indicating the absence of measurable nucleic acid. Purified proteins subjected to hydrodynamic and small-angle X-ray scattering (SAXS) measurements were further purified by size exclusion chromatography (see Materials and Methods sections on hydrodynamic measurements, SAXS data collection and analysis, and low-angle neutron reflectometry [LANR] for additional protein handling). VLP assembly reactions were performed by diluting purified protein 1:5 in assembly buffer (20 mM morpholineethanesulfonic acid [MES], pH 6.5, 2 M ZnCl 2 , 2 mM TCEP) to a final NaCl concentration of 100 mM, in the presence of 1:10 (nucleic acid to protein by mass) of 50-mer oligonucleotide (GT 25 ) (2, 13) , and incubated at 22°C for 1 h. Assembly reactions were screened for VLP formation by negative-stain (2% uranyl acetate) EM on a Morgagni 268 transmission electron microscope.
Lipids and liposome binding assay. Large unilamellar vesicles (LUVs; diameter, 100 nm) in 20 mM Tris-HCl, pH 8.0, were prepared by rapid solvent exchange (RSE) as described by Buboltz and Feigenson (14) , followed by extrusion (15, 16) . All lipid stocks (purchased from Avanti Polar Lipids) were phosphate assayed (17) to determine concentration and subjected to thin-layer chromatography (TLC) to verify quality (lipids and abbreviations are given in Table 1 ). Membrane compositions are reported as mole percent throughout.
LUV flotations were performed as previously described (15) . In the binding reaction mixture, 10 to 20 g of purified protein was mixed with 50 g of LUVs in a final reaction volume of 25 l in 20 mM Tris-HCl (pH 8.0)-150 mM NaCl, and the mixture was incubated at room temperature for 10 min. Sucrose (75 l of 67% [wt/wt]) was added to a final concentration of 50%, of which 80 l was transferred to a 240-l polycarbonate centrifuge tube (Beckman). Additional volumes of 120 l of 40% sucrose and then 40 l of 4% sucrose were layered on top of the 50% sucrose. All sucrose solutions were prepared in binding buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl). Tubes were subjected to centrifugation at 90,000 rpm in a TLA-100 (Beckman) rotor for 45 min at 4°C. Four 60-l fractions were collected and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). For pelleting assays, the total volume of the binding reaction mixture was brought to 240 l with binding buffer, and the mixture was centrifuged at 90,000 rpm at 4°C for 45 min in a TLA-100 Beckman rotor. The supernatant was removed, and the pellet was resuspended and subjected to PAGE analysis. All liposome binding reactions were performed at 150 mM NaCl.
ESR and GUV analysis. For electron spin resonance (ESR), multilamellar vesicles (MLVs) were prepared by freeze-thawing in buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl). Each sample contained ϳ2,000 nmol lipid and 0.2 mol% of the spin label 16-DOXYL-steric acid (Sigma-Aldrich). ESR spectra were collected for all samples on a 9.4-GHz Bruker continuous wave (cw)-ESR electron momentum spectrometer (EMS) at room temperature (ϳ22°C). At least five scans were averaged for each sample. The maximum and minimum values of tensor A (A max and A min ) were determined from each spectrum, and the order parameter was calculated according to Schorn and Marsh (18) using the hyperfine tensor (A xx , A yy , A zz ) ϭ (5, 5, 32.8 G). Giant unilamellar vesicles (GUVs) containing the lipid dye Lissamine rhodamine-conjugated dioleoyl-phosphatidylethanolamine (DOPE) were prepared by gentle hydration (19) in 100 mM sugar buffer (sucrose inside, glucose outside) and imaged on a Nikon eclipse Ti-E microscope.
Neutron reflectometry. (i) Substrate preparation. Silicon wafers of 3-in. diameter, 5,000-m thick n-type Si:P[100] with one side polished to Ͻ5-Å roughness, were purchased from El-Cat, Waldwick, NJ. Surfaces were cleaned in a 5 vol% Hellmanex solution with thorough rinsing with ultrapure water (Millipore) and then 99.8% ethanol (EtOH) from Sigma and in an N 2 gas stream. Metal deposition of Cr (ϳ20 Å) and Au (ϳ150 Å) was performed in a high-energy magnetron (Denton Vacuum Discovery 550) available at the NIST Center for Nanoscale Science and Technology, Nano-Fabrication facility. Wafers were immediately soaked overnight in a 7:3, mol/mol, ethanol solution of HC 18 [Z-20-(Z-octadec-9-enyloxy)-3,6,9,12,15,18,22-heptaoxatetracont-31-ene-1-thiol] and ␤-mercaptoethanol (␤ME) at a total concentration of 0.2 mM forming a self-assembled monolayer (SAM). The wafer was assembled into a standard NIST Center for Neutron Research (NCNR) reflectometry flow cell, and a 7:3, mol/mol, dioleoyl-phosphatidylcholine/dioleoyl-phosphatidylserine (DOPC/DOPS) membrane was deposited through vesicle fusion/osmotic shock. Briefly, a lipid solution of the desired composition was dissolved in chloroform, the solvent was then evaporated, and the lipid film was resuspended in a 500 mM NaCl aqueous solution to a final concentration of 5 mg/ml. The lipid solution was incubated over the dry SAM layer for ϳ2 h, after which the cell was flushed with 50 mM NaCl solution, resulting in an intact tethered bilayer lipid membrane (tBLM).
(ii) Data acquisition. Neutron reflectivity was performed on an NG7 horizontal reflectometer and the MAGIK (multiple angle grazing incidence K vector) vertical reflectometer at the NIST Center for Neutron Scattering. A momentum transfer, q z , range between 0.008 and 0.258 Å Ϫ1 was accessed in most measurements. Typical measurements used two solvent isotopic contrasts per experimental condition, consisting of aqueous buffer prepared in either 100% D 2 O or H 2 O with a buffer composition of 50 mM NaCl-10 mM NaHPO 4 , pH 8.00. For each contrast, 6 h of data collection provided sufficient counting statistics to resolve signal over background counts, with counting times weighted toward the high q region of the scan. After measurement of the neat membrane, RSV Gag was introduced at a concentration of 0.5 M in H 2 O buffer. After a 20-min incubation, NR spectra were collected. The same conditions were repeated for the D 2 O contrast.
(iii) Data analysis. NR provides a one-dimensional (1D) profile along the axis normal to the membrane surface (z axis) spatially averaged over in-plane directions (i.e., the x-y plane). Data were analyzed by fitting an area-fraction distribution of substrate, membrane, and protein layers along the z axis. A composition space model that represents the lipid membrane in terms of overlapping distributions of the different molecular groups (lipid chain, head group, and tether) (20) was used to represent , Cr, and Au) as well as the tether layer were conserved among all the models. Lipid thickness and the protein profile were allowed to vary between experimental conditions. Fitting was performed with the Refl1D software package (http://www.reflectometry.org/danse/docs /refl1d/index.html). A Monte Carlo error analysis procedure was used to determine the confidence intervals in the protein profile (21) . Hydrodynamic measurements. To study the hydrodynamic properties of RSV Gag and related proteins, a Superose 12 (GE Healthcare) column was used in conjunction with a Rainin HPXL solvent delivery system connected to a Rainin Dynamax UV-1 detector and a Wyatt systems Dawn Helios static and quasi-elastic light scattering (SLS and QELS, respectively) detector. Proteins at concentrations of 0.8 to 2 mg/ml were filtered through 300-kDa centrifugal filtration devices (Pall Corporation) before injection onto the column, equilibrated in 20 mM Tris-HCl, pH 7.4, 0.3 M NaCl, and 1 mM TCEP. Solvent viscosity of 0.01035 cP and a temperature dependence of Ϫ1.95EϪ4 g/cm s K were assumed. The data collected simultaneously from light detectors 5 through 18, with the exception of detector 13, were used for SLS, while detector 13 was modified for QELS measurements. Protein standards (GE Healthcare), including beta amylase (radius of hydration [R h ] 54.2 Å), alcohol dehydrogenase (R h 45.5 Å), bovine serum albumin (BSA; R h 35.5 Å), carbonic anhydrase (R h 23.5 Å), and cytochrome c (R h 17.2 Å), were used for the determination of the radius of hydration from retention time. Retention time was used to calculate the parameter (K D ) 1/3 (where K D is the distribution constant), which has a linear relationship to the R h of the eluting species (22) . Eluting peaks from the column were collected and concentrated on Amicon Ultra 3K centrifugal devices before confirmatory R h measurements on a Wyatt Titan dynamic light scattering (DLS) instrument.
SAXS data collection and analysis. For SAXS measurements, the peak fractions of eluting species from a Superose 12 column, as described for hydrodynamic measurements, were used. X-ray scattering measurements were carried out at room temperature at the beamline 12ID-B of the Advanced Photon Source, at the Argonne National Laboratory. The setups were adjusted to achieve scattering q values of 0.006 Ͻ q Ͻ 1.0 Å Ϫ1 , where q ϭ (4/)sin, and 2 is the scattering angle. Thirty two-dimensional (2D) images were recorded for each buffer or sample solution using a flow cell, with the exposure time of 2 s to minimize radiation damage and to obtain a good signal-to-noise ratio. No radiation damage was observed, as confirmed by the absence of systematic signal changes in sequentially collected X-ray scattering images. The 2D images were reduced to onedimensional scattering profiles using a Matlab script at the beamlines. The scattering profile of a sample solute was calculated by subtracting the buffer contribution from the sample buffer profile using the program PRIMUS (23) and standard procedures. Concentration series measurements (4-and 2-fold dilutions and stock solution) for the same sample were carried out to remove the scattering contribution due to interparticle interactions and to extrapolate the data to infinite dilution. The forward scattering intensity I(0) and the radius of gyration (R g ) were calculated from the data of infinite dilution at low q values in the range of qR g of Ͻ1.3, using the Guinier approximation: lnI(q) Ϸ ln(I(0)) Ϫ R g 2 q 2 /3. These parameters were also estimated from the scattering profile with a broader q range of 0.006 to 0.30 Å Ϫ1 using the indirect Fourier transform method implemented in the program GNOM (24) , along with the pair distance distribution function (PDDF), p(r), and the maximum dimension of the protein, D max . The parameter D max (the upper end of distance r) was chosen so that the resulting PDDF has a short, near-zero-value tail to avoid underestimation of the molecular dimension and consequent distortion in low-resolution structural reconstruction. The molecular weights of solutes were calculated on a relative scale using SAXS MoW (25) , in which estimation of molecular weights is independent of protein concentration and can be obtained with minimal user bias.
RESULTS

Conformation of Gag and Gag truncations in solution.
We have characterized the hydrodynamic properties of RSV Gag and of Gag mutants (Fig. 1A and B) by size exclusion chromatography (SEC) and multiangle light scattering (MALS) (Fig. 2A) . All of the proteins were purified as SUMO fusions; the SUMO tag was then cleaved off, and the proteins were purified again to remove the SUMO moiety. ⌬MBD has been described previously and has been used for years to study RSV assembly in vitro (11, (26) (27) (28) (29) . It is RSV Gag without the membrane binding domain (MBD) of MA and also without the PR domain at the C terminus (which is missing in all of the Gag proteins described here). ⌬NC removes the mature NC sequence, thus ending at its C terminus with the sequence PLVM that terminates the serine protease (SP) domain. ⌬Flex carries an internal deletion from residue 104 to 220, thus removing the putative flexible region, which appears to be unstructured by crystallography (R. Kingston, personal communication) or by secondary structure predictions. It was previously reported that deletion of a smaller stretch, amino acids 87 to 142 (⌬87-142), is compatible with budding and infectivity (30) . ⌬MBD, Gag, and ⌬Flex assembled into VLPs, as determined by negative-stain EM analysis (Fig. 1C) . MA is the 155-residue MA domain of RSV Gag. MBD comprises the N-terminal 86 residues of MA, which includes the basic residues known to be involved in membrane binding (31, 32) .
By comparison with globular proteins, RSV Gag displayed anomalous mobility on a Superose 12 column (Fig. 2A, green  profile) . Even though it has a predicted molecular mass of ϳ60 kDa, it eluted well before BSA (ϳ67 kDa; blue profile), at a volume comparable to that of dimeric BSA (small leading peak seen in the BSA elution profile). This elution position was constant over injection concentrations ranging between 25 M and 5 M (data not shown). The unexpectedly early elution of RSV Gag is due to its conformation and not oligomerization since by MALS the molar mass of the protein in the peak was determined as 6.0 ϫ 10 4 Da (Fig. 2A) . From the retention volume of proteins of known dimensions, we estimated the Stokes radius, R h , of RSV Gag (22) to be 4.9 nm (Fig. 2B) , considerably larger than that previously determined for monomeric HIV-1 Gag (3.6 nm) ( Table 2 ). The Stokes radius is the radius of a smooth sphere which has the same frictional coefficient as the protein. It is related to the average volume the protein occupies in solution and is sensitive to the shape and physical properties, as well as size, of the protein.
The results with the mutant and Gag-related proteins were all consistent with these data. The truncated Gag protein ⌬Flex (ϳ49 kDa) ( Fig. 2A, purple profile) eluted at a position comparable to that of BSA, while ⌬NC and ⌬MBD (ϳ51 and 50 kDa, respectively) (chromatograms not displayed) eluted between the monomeric and dimeric peaks of BSA. The small domains MA (ϳ16.4 kDa) (Fig. 2A, red profile) and MBD (ϳ10.6 kDa) (profile not displayed) eluted well after BSA. Similarly, the masses of eluting RSV ⌬Flex, MA, and BSA were measured as 5.0 ϫ 10 4 Da, 2.0 ϫ 10 4 Da, and 6.5 ϫ 10 4 Da, respectively, clearly demonstrating all of the proteins to be monomeric. From comparisons of the retention volumes of the Gag-derived proteins with proteins of known dimensions, we estimated the R h values of ⌬NC, ⌬MBD, ⌬Flex, and MA to be 4.6, 4.54, 3.8, and 2.7 nm, respectively (Fig. 2B) . Comparable values were obtained by collecting the eluting peaks and measuring diffusion coefficients by dynamic light scattering ( Table 2) .
To gain further insight into the conformation of RSV Gag and its derivatives, we performed SAXS analysis (Fig. 3A) . The scattering data showed no indication of aggregation and therefore were subjected to Guinier fitting (33) in order to obtain an estimate of the radius of gyration, R g , of the scattering species ( Fig. 3B and Table 3 ). The radius of gyration, which is the root mean square of distances between all parts of the molecule from its center of mass, gives an estimate of the molecular shape and dimensions. Elongated protein molecules typically have larger R g values than those of compact proteins of identical molecular weights. To gain insight into the compactness and flexibility of the protein constructs, the SAXS data were analyzed to generate dimensionless Kratky plots (34, 35) . The shape of the Kratky plot is an indicator of the degree of disorder, or "unfoldedness," of a protein. It has therefore been used to monitor the folding of proteins (36) and also to characterize proteins that are intrinsically disordered (37) . In the case of multidomain proteins, where domains are linked by flexible linkers, this method can be used to ascertain the degree of flexibility between the domains (38) . The dimensionless Kratky plot for compact particles has a characteristic shape, with a peak at ͌3 (qR g ). Deviations from this value suggest either asymmetry or particle flexibility.
The dimensionless Kratky plot for MBD was bell shaped and showed a clear peak at ϳ͌3 (qR g ) (Fig. 3C) , indicative of its compact structure and consistent with the known nuclear magnetic resonance (NMR) structure (39) . For MA, this peak was broadened and shifted to a larger value of ϳ2.7 (qR g ), suggesting asymmetry. The plots for ⌬Flex and ⌬MBD showed a loss of the characteristic peak and a plateauing of the curve at higher values of qR g . This shape for the modified Kratky plot is seen in multidomain proteins connected by flexible linkers (34) . The plot for fulllength Gag, similar to that of the intrinsically disordered protein PIR (40) , suggests a very high degree of flexibility.
The pairwise distance distribution function [PDDF, or p(r)] is a weighted histogram of pair distances between scattering atoms in the protein. The shape of the PDDF plot gives an indication of the shape of the protein as well as a measure of its dimensions. The PDDF values for Gag and derived constructs were calculated using GNOM (Fig. 3D and Table 3 ). The PDDF for Gag showed a peak of ϳ50 Å; this is the most common distance between two atoms in the molecule. There was a monotonic decrease in the frequency distribution of longer distances within the molecule. The asymmetric shapes of these distributions for Gag and for ⌬Flex, ⌬MBD, and MA suggest that these are elongated proteins. The PDDF distribution of globular proteins is more symmetric about the peak, as seen for MBD. The presence of a single broad maximum in the RSV Gag distribution, as well as its smooth shape, appears to preclude the presence of a single conformer and is consistent with a multidomain protein. Bimodal distributions in PDDF plots have been observed in some proteins with rigid, unique conformations (41, 42) . D max , the distance r at which the p(r) drops to zero, is indicative of the longest dimension in the molecule. This value was estimated to be 193 Ϯ 3 Å for Gag. By comparison, the length of Gag in immature virus-like particles as determined by electron cryo-tomography is about 180 Å. The estimates for the derived proteins are given in Table 3 . Shape of Gag on a membrane. The membrane-bound structure of the full-length RSV Gag protein was evaluated using neutron reflectometry (NR). NR is unique in being able to characterize membrane proteins in their physiological environments (i.e., multicomponent, fluid lipid membranes in aqueous environments). In an NR experiment, a flat collimated beam is reflected off a planar membrane at very low grazing incidence angles, and the change in intensity of the reflected beam as a function of this angle is measured. Interpretation of the reflectivity spectra provides a 1D density profile of both lipid groups and protein distribution normal to the membrane plane. A tBLM with an intrinsi- cally low roughness has been developed at NIST and is highly amenable to reflectivity and other surface-sensitive biophysical techniques. The tBLM consists of a thin Au film deposited onto either a glass or silicon substrate on which we form a lipid membrane separated from the underlying solid support by a 2-nm-thin aqueous reservoir generated by sparsely distributed tether molecules. Membranes can be formed of any composition and are both fluid and highly stable. An aqueous reservoir above the membrane surface allows the subsequent introduction of proteins and other biochemical factors to the system during measurements.
The binding affinity of RSV Gag to a tBLM consisting of DOPC/DOPS (70/30) was first characterized by surface plasmon resonance (SPR) (data not shown). The formation of the tBLM on Au chips provides a direct means to measure mass adsorption as a function of protein concentration. At 50 mM NaCl, Gag bound tightly and cooperatively to the membrane with a dissociation constant, K d , of 207 nM and a Hill coefficient, n, of 2.3. At Gag concentrations up to 0.5 M, the SPR signal remained stable for several hours, indicating that nonspecific binding and surface aggregation were not issues at these concentrations.
NR measurements were performed on a tBLM composed of DOPC/DOPS (70/30) at 50 mM NaCl and with a 0.5 M solution concentration of RSV Gag. Reflectivity spectra of the neat tBLM and the tBLM after incubation with Gag were collected under both H 2 O and D 2 O isotopic buffer contrasts. Figure 4A shows spectra of the neat bilayer and the membrane after Gag incubation for the D 2 O buffer condition. Statistically significant changes in the spectra were observed upon protein addition, as indicated by the residual difference in the spectra (Fig. 4A, bottom panel) . We interpreted the NR spectra using a composition space model, described in Materials and Methods, to derive a 1D distribution of both lipid and protein density. Figure 4B shows the distribution in terms of percent surface area coverage of the tBLM molecular groups (Au film, tether layer, lipid chain, and head groups) as well as the protein profile. The protein profile was embedded within the head group region of the membrane and extended ϳ100 Å from the bilayer. By comparison, the dimensions of RSV Gag in virus-like particles (VLPs) assembled in vitro show the protein to be extended with a dimension of ϳ180 Å (43). Thus, RSV Gag is more compact when bound to a membrane than when assembled into immature virus particles.
Efficient membrane binding requires fully intact Gag protein. Previous membrane binding studies of retroviral Gag proteins have relied largely on radiochemically labeled but biochemically impure proteins translated in vitro, for example, in reticulocyte extracts (4, 16, (44) (45) (46) (47) . In contrast, in the present study we purified milligram quantities of assembly-competent Gag, thus allowing biochemical analyses in the absence of contaminating cellular components. We previously reported that liposome association of RSV Gag and HIV-1 Gag, both translated in vitro, is significantly greater than association of the N-terminal MA domain alone (16) . We now have extended these findings to the purified system (examples of Gag flotation results are shown in Fig. 5A ). Removal of either the N-terminal membrane binding domain (Fig. 1A, ⌬MBD) or the C-terminal NC domain (Fig. 1A , ⌬NC) nearly abrogated flotation of the proteins with liposomes at the ionic strength used here, 150 mM NaCl (Fig. 5B) . Thus, both MA and NC contribute to binding, either directly or indirectly.
Full-length RSV Gag bound significantly better to liposomes containing the neutral lipid palmitoyl-oleoyl-phosphoethanolamine (POPE) than to liposomes containing the neutral lipid palmitoyl-oleoyl-phosphatidylcholine (POPC) or DOPC (Fig.  5B) . Since in cellular membranes phosphoethanolamine (PE) is most abundant in the inner leaflet of the plasma membrane (PM) (48), we take this result as preliminary evidence that PE may play a role in the preference of RSV Gag for the PM. Surprisingly, the removal of the internal, putatively unstructured segment of Gag, in the protein ⌬Flex, increased flotation to nearly 100% for all liposome compositions tested (Fig. 5B) . This result suggests that the flexible domain between MA and CA somehow negatively regulates membrane interaction. The minor PM inner leaflet signaling phospholipid phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2] has been shown to enhance binding of diverse retroviral Gag proteins to liposomes in vitro and also to enhance Gag-PM interaction and budding in vivo (4, 16, 46, 47, 49, 50) . Addition of 2% PI(4,5)P2, a percentage approximating the amount of PI(4,5)P2 on the inner leaflet of the PM (51), to liposomes containing 30% phosphatidylserine (PS) resulted in a doubling of the amount of membrane-associated Gag (Fig. 5B, bottom panel) . PI(4,5)P2 also increased the binding of ⌬NC to liposomes from ϳ5% to ϳ40%, but notably it did not significantly enhance the binding of ⌬MBD or NC. We interpret this result to suggest that the NC domain does not play a role in PI(4,5)P2 recognition by Gag. ⌬Flex binding was nearly saturated in the absence of PI(4,5)P2, making it impossible to determine if PI(4,5)P2 enhances ⌬Flex binding under these conditions. The addition of PI(4,5)P2 more than doubled the binding of MA to liposomes containing phospholipids with unsaturated dioleoyl (DO) acyl chains but did not significantly enhance the binding of MA to liposomes with the mixed acyl chain lipids POPC/palmitoyl-oleoyl-phosphatidylserine (POPS) or POPE/POPS (one saturated and one unsaturated acyl chain per lipid).
Acyl chain saturation does not influence RSV Gag membrane binding. Previously we showed that HIV-1 Gag is highly sensitive to the saturation state of the acyl chains of lipids used to form liposomes (47) . Liposomes composed of high-melting-temperature (H-T m ) lipids, i.e., carrying acyl chains with no double bonds, supported significantly less binding than liposomes composed of low-T m (L-T m ) lipids, i.e., carrying unsaturated acyl chains. In addition, HIV-1 Gag sensitivity to H-T m lipids appeared to depend only on the saturation state of the negatively charged PS lipid, not on that of the neutral lipid present in the same liposomes.
HIV Gag binds to membranes composed of the unsaturated lipid dioleoyl (DO; 18:1/18:1), which contains one double bond in each acyl chain, significantly better than it binds to membranes composed of the hybrid lipid palmitoyl-oleoyl (PO; 16:0/18:1), which contains one double bond in the SN-2 acyl chain (46) . In contrast, RSV Gag showed no preference for membranes composed of DO or PO lipids (Fig. 6 ). The addition of 2% PI(4,5)P2 increased binding of RSV Gag to PO-and DO-based membranes from 3.3% to 54% and from 13% to 44%, respectively (Fig. 6A) . Cholesterol (Chol) had a similar effect, increasing binding to 28% and 25% for PO and DO membranes, respectively. Increasing PS from 30% to 50% had a similar effect on RSV Gag membrane association for both PO and DO compositions (Fig. 6B) . Membrane binding probed by the pelleting assay typically yielded less binding than what was observed by flotation (Fig. 5) for the same compositions. However, the trends observed were consistent for both pelleting and flotation. We previously reported that reticulocyte-generated HIV Gag membrane association favors membranes composed of DO lipids over membranes composed of PO lipids (46) . Results presented here demonstrate that purified RSV Gag shows no such preference.
To further probe the effects of acyl chain saturation on RSV Gag-liposome binding, we prepared liposomes composed of either H-T m or L-T m lipids. Based on known phase diagrams (52) (53) (54) and GUV analysis (data not shown), all of the lipid compositions yield membranes without phase separation (reviewed in reference 15). ESR measurements show that increasing the percentage of lipids with saturated acyl chains increased the order parameter, consistent with previously published results (46) (Fig.  7) . (Fig. 7) . We also tested RSV Gag binding to liposomes with phospholipids carrying only fully saturated acyl chains, in which the membrane thus was highly ordered. In the presence of 40% cholesterol and 30% PS, ordered liposomes prepared with DSPC/DPPS/Chol supported levels of Gag binding similar to those of disordered liposomes prepared with DOPC/DOPS/Chol or POPC/POPS/Chol. It is unclear why RSV Gag does not show a strong preference for acyl chain composition, while HIV-1 Gag interacts more favorably with liposomes containing unsaturated PS. We speculate that the N-terminal myristoyl group inserts more efficiently into membranes that contain unsaturated lipids.
DISCUSSION
The unavailability of substantial quantities of purified retroviral Gag proteins has limited progress in understanding the mechanisms underlying virus assembly and budding. Unmyristoylated HIV-1 Gag is readily purified after E. coli expression, and its biochemical properties have been studied extensively (8, 10, 55) . Similarly, unmyristoylated murine leukemia virus (MLV) Gag also has been purified (56) . However, the N-terminal fatty acylation of these and most other Gag proteins is essential for virus assembly and budding at the plasma membrane, making unmodified Gag less suitable for studying these parts of the life cycle. While E. coli can be engineered to add myristate to proteins that start with the canonical sequence Met-Gly, at least for HIV-1 Gag this fatty acylation renders the protein poorly soluble (57) . Radiochemically pure HIV-1 Gag and other Gag proteins can be prepared by in vitro translation in reticulocyte or wheat germ systems (4), but the protein then is in a vast excess of cellular proteins, making many types of biochemical experiments difficult to interpret. RSV Gag is unusual among retroviruses in that its N terminus is naturally unmyristoylated. While RSV Gag is modified by an acetyl group on the initiating methionine residue (58) , this modification is not essential for budding (59) . We decided to purify and study the properties of this Gag protein (without the C-terminal protease domain, which is not needed for assembly) (60) , with the aim of illuminating features of Gag that may also be applicable to other retroviruses. We found that this Gag protein is biologically active, being able to assemble in vitro into VLPs in the presence of nucleic acids. However, this reaction is less efficient and robust than that with RSV Gag lacking the membrane binding domain, ⌬MBD, as determined by qualitative observation of multiple assembly reactions.
Our SEC and SAXS measurements lead to the firm conclusion that RSV Gag in solution is elongated and highly flexible. By comparison, unmyristoylated MLV Gag also is extended (56), but unmyristoylated HIV-1 Gag, while it is flexible, takes on compact conformations in solution (10, 55) . Surprisingly, the longest stretch of RSV Gag predicted to be unstructured, about 117 residues including 18 Gly residues between the MBD and the C-terminal part of p10, can be deleted without abrogating the ability of the protein to assemble in vitro (Fig. 1C) . Deletion of some of these residues is reported to be compatible with assembly and infectivity in cells (61) . The only sequences with known functions in this part of RSV Gag are the two late domains that interact with the ESCRT machinery, PPPY (62) (63) (64) and LYPSL (62) . Retroviral late domains are known to be located in unstructured regions (65, 66) . Other biological functions of this long unstructured stretch of RSV Gag remain to be uncovered.
In contrast to its longest dimension in solution (ϳ190 Å), RSV Gag bound to anionic membranes extends only ϳ100 Å from the surface of the bilayer. This is also different from RSV Gag assembled in immature virions, where its radial dimension is ϳ180 Å (43). RSV Gag contains several disordered linkers, and the Kratky analysis of SAXS data (Fig. 3C) does indeed reveal the protein to be extremely flexible in solution. It is very likely that RSV Gag by virtue of its flexibility can sample many conformations, including compact or bent ones, and that interactions with the anionic membrane enrich compact forms. Under conditions where electrostatic interactions dominate, this could be mediated by simultaneous interactions between the anionic membrane and the basic MA and NC domains. Such a mode of interaction would be facilitated by the high degree of inherent flexibility in the molecule. These results suggest the importance of molecular context in determining Gag conformation. We previously demonstrated that membrane-bound HIV-1 Gag, in the presence of single-stranded nucleic acid, adopted only extended structures, congruent with dimensions found in the immature virion (10) . Thus, the conformation of HIV-1 Gag can be modulated by the association of the MA domain and the NC domain with their preferred binding partners, lipids and nucleic acid, respectively. Similarly, RSV Gag organization may further depend on membrane composition, surface charge density, or nucleic acid interaction in order to form extended well-ordered arrays on the membrane surface.
A surprising result from our studies is that removing the NC domain of RSV Gag greatly attenuates the protein's ability to bind to acidic liposomes (Fig. 5) . While Gag binds efficiently to liposomes at physiological ionic strengths (150 mM NaCl), Gag lacking either the MBD or NC shows significant binding only at a much lower ionic strength (50 mM NaCl) (16, 32 ; unpublished results), highlighting the strong electrostatic component of protein-membrane interaction at physiological ionic strength. Two models that are not mutually exclusive could account for these differences. In the first, both MA and NC domains contact the lipid bilayer. RSV MA (67) and other retrovirus MA proteins (67) all have a basic patch and are known to bind acidic bilayers. Published reports are difficult to compare because of the lack of uniformity in ionic strength, which is a critical parameter. For RSV MA, the reported binding constant to liposomes with 30% PS is in the millimolar range, measured at 75 mM NaCl (32) , and for myristoylated HIV-1 MA, the value is similar (68) . Since NC also is basic, it might be expected to interact with an acidic lipid bilayer, and for HIV-1 this interaction has been studied (10, 69) . Simultaneous binding of NC and MBD would be expected to increase the apparent liposome affinity of Gag. According to the second model, the increased affinity of Gag for liposomes, compared with that of mutants lacking NC, is due to the known ability of NC to stimulate multimerization. Although it has been established that NC-mediated multimerization is based on NC binding to nucleic acids, thereby bringing Gag molecules into contact with each other (2), binding of Gag to membranes could also bring Gag molecules together and thus promote Gag-Gag interactions. Artificially induced multimerization of MA has been demonstrated experimentally to increase membrane affinity, both in vitro and in cells (16, 32, 68, 70) .
We interpret the neutron reflectometry (NR) results to suggest that at the low ionic strength used for these experiments, the first model applies. Unfortunately, the surface-bound fraction of protein at physiological ionic strengths was below the sensitivity of NR, and hence the biological relevance of the NR results, as well as those previously published for unmyristoylated HIV-1 Gag (10), remains to be established. However, to account for the liposome binding experiments at physiological ionic strengths, we favor the second model, i.e., that Gag multimerizes on the two-dimensional sheet of a membrane. To support this model, it will be necessary to adduce direct evidence for multimerization on liposome membranes, independent of nucleic acid.
The mechanisms by which Gag proteins interact with membranes are poorly understood. HIV-1 Gag from an in vitro translation system can sense both the hydrophilic and the hydrophobic parts of the bilayer (47) . For example, in the background of certain lipid compositions, the presence of cholesterol and also the saturation state of acyl chains can have major effects on binding. We have now for the first time carried out such studies with a purified Gag protein. We found that RSV Gag strongly prefers to bind to liposomes in which PE is the neutral lipid, as opposed to the more typically studied PC. The mechanistic explanation of this preference remains to be established, but it is tempting to interpret the preference to reflect the biological need of Gag to interact with the inner leaflet of the plasma membrane, which is highly enriched in PE compared with other biomembranes (48) . But unlike HIV-1 Gag, RSV Gag appears to be indifferent to the nature of the acyl chains, binding equally well to liposomes with saturated and unsaturated chains. We hypothesize that this difference is due to the absence of the myristate fatty acyl modification on RSV Gag.
Taken together, our results demonstrate differences in the properties of retroviral Gag proteins, both in solution and in their membrane interaction behavior. The results also highlight the fact that retroviral Gag-membrane interaction is a complex process involving electrostatics, avidity, and hydrophobic forces. To fully account for Gag-membrane interactions, it will be necessary to address the effects of lipid head group, acyl chain, and cholesterol on binding. To that end, more quantitative assessments of the strength of membrane binding will be needed.
